We present photometric and spectroscopic observations of the unusual Type Ia supernova ASASSN-18tb, including a series of SALT spectra obtained over the course of nearly six months and the first observations of a supernova by the Transiting Exoplanet Survey Satellite (TESS). We confirm a previous observation by Kollmeier et al. (2019) showing that ASASSN-18tb is the first relatively normal Type Ia supernova to exhibit clear broad (∼ 1000 km s −1 ) Hα emission in its nebular phase spectra. We find that this event is best explained as a sub-Chandrasekhar mass explosion with M N i ≈ 0.27 M . Despite the strong Hα signature at late times, we find that the early rise of the supernova shows no evidence for deviations from a single-component powerlaw and is best fit with a moderately shallow power-law of index 1.40 ± 0.03. We find that the Hα luminosity remains approximately constant after its initial detection at phase +37 d, and that the Hα velocity evolution does not trace that of the Fe III λ4660 emission. These suggest that the Hα emission arises from circumstellar medium (CSM) rather than swept up material from a non-degenerate companion. However, ASASSN18tb is strikingly different from other known CSM-interacting Type Ia supernovae in a number of significant ways. Those objects typically show an Hα luminosity two orders of magnitude higher than what is seen in ASASSN-18tb, pushing them away from the empirical light curve relations that define "normal" Type Ia supernovae. Conversely, ASASSN-18tb exhibits a fairly typical light curve and luminosity for an underluminous or transitional SN Ia, with M R ≈ −18.1 mag. Moreover, ASASSN-18tb is the only SN Ia showing Hα from CSM interaction to be discovered in an early-type galaxy.
INTRODUCTION
It has been known for some time that Type Ia supernovae (SNe Ia) are the result of the thermonuclear explosion of a carbon-oxygen white dwarf (CO WD) triggered by a companion (Hoyle & Fowler 1960; Colgate & McKee 1969; Nugent et al. 2011a ). However, the physical nature of this companion and the details of the explosion mechanism remain an active area of debate. Broadly speaking, SN Ia progenitor models can be grouped into two categories -the singledegenerate (SD) and double-degenerate (DD) scenarios.
In the standard DD scenario, a tight WD-WD binary loses energy and angular momentum via gravitational wave emission before undergoing tidal interactions and subsequently exploding (Tutukov & Yungelson 1979; Iben & Tutukov 1984; Webbink 1984; Shen et al. 2012) . Thompson (2011) proposed that SNe Ia originate from triple systems, and showed that Lidov-Kozai oscillations driven by a tertiary companion can accelerate WD-WD mergers via gravitational wave radiation and implied that they may lead to WD-WD collisions. Katz & Dong (2012) and Kushnir et al. (2013) proposed and found supporting evidence suggesting that WD-WD direct collisions in triple systems may be a major channel for SNe Ia. Further evidence for SNe Ia produced through this scenario has been found by Dong et al. (2015) and Vallely et al. (2019) in the form of bimodal distributions of 56 Ni decay products in nebular phase spectra.
In the canonical SD scenario, the WD accretes matter from a non-degenerate stellar companion, eventually approaching the Chandrasekhar limit and undergoing a thermonuclear runaway (Whelan & Iben 1973; Nomoto 1982; Han & Podsiadlowski 2004 ). The stellar companion will be struck by the supernova ejecta shortly after explosion, leading directly to a number of observable signatures. First, the companion interaction should lead to excess emission in the early-phase light curve. Although this emission is strongly dependent on the characteristics of the stellar companion and the viewing angle of the system, Kasen (2010) showed that it should be observable for an appreciable number of SNe Ia. Additionally, material stripped from the companion star should produce hydrogen emission lines visible in latetime nebular spectra (Wheeler, Lecar & McKee 1975; Marietta, Burrows & Fryxell 2000; Pan, Ricker & Taam 2012b; Liu et al. 2012; Boehner, Plewa & Langer 2017) . Finally, the ejecta interactions impact the post-explosion properties of the stellar companion (see, e.g., Podsiadlowski 2003 , Pan, Ricker & Taam 2012a , and Shappee, Kochanek & Stanek 2013 .
Early time observations are being obtained for steadily increasing numbers of SNe Ia. Most of these efforts have focused on finding or placing upper limits on excess emission due to ejecta colliding with a nearby SD companion, although Stritzinger et al. (2018) have also found evidence that the early time optical colors are correlated with the post-peak decline rates. The searches for distortions in the early time light curves have produced mixed results. Many SN Ia light curves do not show evidence of companion interaction. The nearby Type Ia SN 2011fe had an earlyphase light curve consistent with a single-component powerlaw (Nugent et al. 2011a; Bloom et al. 2012) , and earlytime observations of SN 2009ig are inconsistent with the Kasen (2010) interaction models (Foley et al. 2012) . Additionally, Olling et al. (2015) found no evidence for ejectacompanion interaction when examining three SNe Ia observed by Kepler (Borucki et al. 2010) . Based on early excess non-detections, Shappee et al. (2016) were able to rule out most non-degenerate companions for ASASSN-14lp, and Holmbo et al. (2018) were able to place even tighter constraints on SN 2013gy.
However, this is not the case for all events. Observations of SN 2014J made with KELT (Pepper et al. 2007) show evidence for additional early-time structure Siverd et al. 2015) . Contreras et al. (2018) found that the light curve of SN 2012fr had an initial roughly linear phase that lasted for ∼ 2.5 days, and K2 observations of ASASSN-18bt showed a similar ∼ 4 day linear phase (Brown et al. 2018; Shappee et al. 2019; Li et al. 2019; Dimitriadis et al. 2019a ). Additionally, Marion et al. (2016) found potential indications of interaction with a non-degenerate binary companion in SN 2012cg, although this interpretation is challenged by Shappee et al. (2018) .
Searches for hydrogen emission lines at late times as evidence for stripped material have largely failed. No such signatures were detected for SNe 1998bu and 2000cx (Lundqvist et al. 2013 ), SN 2001el (Mattila et al. 2005 , SNe 2005am and 2005cf (Leonard 2007) , SN 2012cg , SN 2013gy (Holmbo et al. 2018) , or SN 2017cbv (Sand et al. 2018) , nor were they detected by Graham et al. (2017) in 8 other SNe Ia. The nearby SNe Ia 2011fe and 2014J were particularly well-studied events (Brown et al. 2012; Munari et al. 2013; Mazzali et al. 2014; Foley et al. 2014; Goobar et al. 2014; Galbany et al. 2016; Vallely et al. 2016; Dhawan et al. 2018 ), but they too showed no hydrogen emission in their late-time spectra Lundqvist et al. 2015) .
Even SN 2012cg, SN 2012fr, and ASASSN-18bt, events with early excess emission potentially indicative of a singledegenerate progenitor system, did not have hydrogen in their nebular phase spectra Graham et al. 2017; Tucker, Shappee & Wisniewski 2018; Dimitriadis et al. 2019b) . Maguire et al. (2016) looked at a sample of 11 nearby SNe Ia and found tentative evidence for Hα emission in only one event. Sand et al. (2019) examined 8 fast-declining SNe Ia at nebular phase and could only place upper limits on Hα emission. Furthermore, using new and archival spectra of over 100 SNe Ia, Tucker et al. (2019) found no evidence for the hydrogen or helium emission expected from a non-degenerate companion.
There exists a rare class of thermonuclear SNe that show evidence for interaction with a H-rich circumstellar medium (CSM), the archetype of which is SN 2002ic (Hamuy et al. 2003; Deng et al. 2004; Wang et al. 2004; Wood-Vasey, Wang & Aldering 2004 ). Other well-studied "SNe Ia-CSM" include SN 2005gj (Aldering et al. 2006; Prieto et al. 2007; Trundle et al. 2008 ), SN 2008J (Taddia et al. 2012 Fox et al. 2013) , and PTF 11kx (Dilday et al. 2012) . Silverman et al. (2013) identified a number of new events and produced the most detailed analysis to date of this class of transients. While H emission signatures are present in these SNe, they are due to interaction with a H-rich CSM and do not constitute detections of stripped companion material (Maguire et al. 2016) . These events do not obey the empirical light curve relations (e.g., Phillips 1993; Prieto, Rest & Suntzeff 2006; Burns et al. 2014 ) that define "normal" SNe Ia, and Figure 1 . Photometric observations of ASASSN-18tb. Ground-based BV gri photometry obtained with LCO, ASAS-SN, and SMARTS is shown on the left, and space-based TESS and Swift UVOT photometry is shown on the right. The TESS photometry is shown for 24 hour bins. Marker colors indicate the filter, and marker shapes indicate the source of the data. Error bars are shown for all points, but can be smaller than the symbol used to represent the data. The photometry is not corrected for Galactic extinction. The shaded bands in the left panel show the MLCS2k2 fit (Jha, Riess & Kirshner 2007) to the LCO light curve.
they are also considerably brighter (by ∼ 1 mag) than typical SNe Ia .
To date, only one normal Type Ia SN, ASASSN-18tb , shows compelling evidence for strong Hα emission (Kollmeier et al. 2019) . Even here, the phenomenon is clearly rare, as it is the only example in the sample of 75 spectra obtained to date for the well-defined 100 Type Ia Supernova sample (100IAS, Dong et al. 2018) and there were none in the larger, heterogeneous sample of Tucker et al. (2019) . ASASSN-18tb was also observed by TESS (Ricker et al. 2015) , providing a high cadence, earlytime light curve. Here we report on these TESS observations as well as on additional ground based photometry and spectroscopy. We describe the observations in §2, the TESS systematics in §3, the TESS early-time light curve in §4, the spectroscopic characteristics in §5, and discuss the results in §6.
OBSERVATIONS

Discovery and Host Galaxy
ASASSN-18tb (SN 2018fhw) was discovered by the AllSky Automated Survey for Supernovae (ASAS-SN; Shappee et al. 2014; Kochanek et al. 2017; Holoien et al. 2017a Holoien et al. ,b,c, 2019 • 36'56. 68 Brimacombe & Vallely 2018) . From the Schlafly & Finkbeiner (2011) recalibration of the Schlegel, Finkbeiner & Davis (1998) infraredbased dust map, we find that the supernova suffers relatively little Galactic extinction, E(B − V ) = 0.03 mag.
ASASSN-18tb is located 4. 8 south and 1. 9 east of the center of 2MASX J04180598-6336523, an extended source in the Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006 ) with magnitudes mJ = 15.06 ± 0.11, mH = 14.23 ± 0.13, and mK = 13.88 ± 0.17. Prior to the discovery of ASASSN-18tb, there were no public spectroscopic observations of 2MASX J04180598-6336523. However, when obtaining a classification spectrum of the supernova, Eweis et al. (2018) also obtained a spectrum of the host galaxy. Using cross-correlations with galaxy templates, they found that it has a heliocentric redshift of 5090 ± 30 km s −1 (z = 0.0170 ± 0.0001). This redshift yields a luminosity distance of 74.2 Mpc assuming H0 = 69.6 km s −1 Mpc −1 , ΩM = 0.286, and ΩΛ = 0.714 (Wright 2006; Bennett et al. 2014) .
Using the Supernova Identification code (SNID; Tonry & Davis 1979; Blondin & Tonry 2007) , Eweis et al. (2018) classified ASASSN-18tb as a spectroscopically normal SN Ia based on a SALT spectrum obtained on UT 2018-08-23.3, finding a good match to the Type Ia SN 2003iv at a phase of +1 day beyond maximum light. Kollmeier et al. (2019) find that, like SN 2003iv (Blondin et al. 2012) , ASASSN18tb has a "cool" sub-classification in the scheme of Branch et al. (2006) , and that photometrically, ASASSN-18tb is a fast-declining, sub-luminous SN Ia.
Photometry
We present photometric observations obtained over the course of 70 days, beginning at TJD 1342 (see Figure 1) , where the arbitrary TESS Julian Date (TJD) is defined as JD − 2 457 000. Most of the ground-based observations were obtained using the 1m telescopes and Sinistro CCDs of the Las Cumbres Observatory Global Telescope Network (LCOGT; Brown et al. 2013) . Additional high-cadence observations near maximum light were obtained using the quadruple 14-cm ASAS-SN telescopes "Cassius" and "Bohdan Paczyński" deployed in Cerro Tololo, Chile. We also present late-time B and V band observations obtained using the ANDICAM instrument (DePoy et al. 2003) ASAS-SN images are processed in an automated pipeline using the ISIS image subtraction package (Alard & Lupton 1998; Alard 2000) . Using the IRAF apphot package, we performed aperture photometry on the subtracted images and then calibrated the results using the AAVSO Photometric All-Sky Survey (APASS; Henden et al. 2015) . Reduced images (after bias/dark-frame and flat-field corrections) from LCOGT and the SMARTS 1.3m telescope were downloaded from the respective data archives. We perform point-spread-function (PSF) photometry using the DoPHOT (Schechter, Mateo & Saha 1993) package. Optical photometry in the B, V , r, and i bands were calibrated using the APASS standards.
We also obtained images in the V , B, U , U V W 1, U V M 2 and U V W 2 bands with the Neil Gehrels Swift Observatory's Ultraviolet Optical Telescope (UVOT; Roming et al. 2005) . The Swift UVOT photometry is extracted using a 5. 0 aperture and a sky annulus with an inner radius of 15. 0 and an outer radius of 30. 0 with the uvotsource task in the heasoft package. The Swift UVOT photometry is calibrated in the Vega magnitude system based on the revised zero-points and sensitivity from Breeveld et al. (2011) .
We characterize the ASASSN-18tb light curve using the Jha, Riess & Kirshner (2007) update of the Riess, Press & Kirshner (1996) and Riess et al. (1998) multicolor light-curve shape method, MLCS2k2. We find that the peak of the B light curve occurred at t0 = 1357.83 ± 0.12 TJD. We reference our observations to this inferred date of maximum light throughout this work. After accounting for Galactic extinction, we find that extinction from the host galaxy is negligible. The MLCS2k2 fit yields a light-curve shape parameter ∆ = 1.41 ± 0.03, squarely in the fast-declining region of parameter space. It has a color stretch of sBV ≈ 0.44 and ∆m15(B) ≈ 2.0 mag using the relations given by Burns et al. (2018) . These results are in agreement with those of Kollmeier et al. (2019) , who find sBV = 0.50 ± 0.04 and ∆m15(B) = 2.0 ± 0.1 mag using the SNooPy light curve fitter (Burns et al. 2011 ). Our MLCS2k2 fits give peak absolute magnitudes for ASASSN-18tb of MB = −17.66 ± 0.09 and MV = −18.05 ± 0.09 mag and a slightly closer distance (65 ± 4 Mpc) than the distance of 74.2 Mpc inferred from the redshift. The difference is roughly consistent with the peculiar velocity uncertainty at this redshift (∼0.13 mag, e.g., Reindl et al. 2005) .
Located near the Southern TESS continuous viewing zone, ASASSN-18tb was well-observed by TESS. This allowed us to extract the Sector 1 and 2 TESS light curves that we present in this paper. We used image subtraction (Alard & Lupton 1998; Alard 2000) on the full frame images (FFIs) from the first TESS data release to produce high fidelity light curves. In principle it is possible to generate a single reference image and then rotate it accordingly for use during multiple sector pointings, but the large pixel scale of the TESS observations makes this particularly difficult and introduces a relatively large source of uncertainty.
We instead chose to construct independent reference images for each sector. The Sector 1 reference image was constructed using 100 FFIs obtained between JD 2 458 325.31 and JD 2 458 327.38, and the Sector 2 reference image was constructed using 100 FFIs obtained between JD 2 458 354.13 and JD 2 458 356.19. In each case these are the first 100 FFIs obtained during the sector. The light curves change little when different images are used to build the reference, and our light curves are consistent with those obtained using the public TESS aperture photometry tool eleanor 1 (Feinstein et al. in prep) . Because the Sector 2 reference was constructed from images containing a considerable amount of flux from the supernova, fluxes in the raw difference light curve for Sector 2 are systematically lower than the intrinsic values. We correct for this by using a power-law fit (described in more detail in Section 4) to align the Sector 1 and 2 light curves. The offset is calculated by fitting the first day (48 epochs) of Sector 2 photometry to the best-fit single-component powerlaw for the Sector 1 photometry.
The Sector 1 and 2 fluxes were converted into TESSband magnitudes by adopting a zero point of 20.44 electrons per second in the FFIs, based on the values quoted in the TESS Instrument Handbook 2 . TESS observes in a single broad-band filter, ranging from about 6000-10000 Å with an effective wavelength of ∼8000 Å, and the TESS magnitude system is calibrated to the Vega system (Sullivan et al. 2015) .
The complete photometry is shown in Figure 1 .
Spectroscopy
The bulk of the spectra we present in this paper were obtained using the Southern African Large Telescope (SALT) with the Robert Stobie Spectrograph (Buckley, Swart & Meiring 2006) . We used the PG0900 grating with a 1. 5 slit at multiple tilt positions to cover the optical wavelength range with a typical resolution of R ∼ 1000. The total exposure time varied from 1932 to 3000 seconds as the supernova faded. Our first spectrum provided the classification reported by Eweis et al. (2018) and was obtained on UT 2018-08-23, four days before ASASSN-18tb attained maximum light. Our last spectrum was taken on UT 2019-01-25, nearly 150 days after maximum light. The SALT spectra were reduced using a custom pipeline based on the PySALT package (Crawford et al. 2010) , which accounts for basic CCD characteristics (e.g., cross-talk, bias and gain correction), removal of cosmic rays, wavelength calibration, and relative flux calibration. Standard IRAF/Pyraf routines were used to accurately account for sky and galaxy background removal. The 1D spectra are delivered with a nominal dispersion of ∼ 1Å/pixel. For our analysis in §5, each spectrum is rebinned to 7Å/pixel which is the approximate spectral resolution at Hα. The RMS of the original pixels within each bin is used to estimate the uncertainty at each wavelength in the rebinned spectrum. To model the continuum we use a 2nd-order Savitsky-Golay polynomial of variable width. The continuum fit width is varied from 2 000 − 5 000 km s −1 at each pixel, and we take the median of these values as the continuum level and the RMS as the uncertainty.
Because of the instrument design, which has a moving, field-dependent and under-filled entrance pupil, observations 2003iv, 1998bp, and 1986G (Richardson et al. 2001 Hamuy et al. 2002; Blondin et al. 2012) . The ASASSN18tb spectra have been smoothed using a Savitzky-Golay filter for presentation.
of spectrophotometric flux standards do not suffice to provide accurate absolute flux calibration for SALT observations (see, e.g., Buckley et al. 2018) . Therefore, in order to characterize the interesting Hα signature in our spectra, we recalibrate our observed spectra to match the measured photometry using a low-order polynomial in wavelength. Fortunately, we have contemporaneous LCO BV ri coverage for most of our spectroscopic epochs and can perform the absolute flux calibration reasonably well (± 5% estimated uncertainty). For the three late-phase spectra obtained beyond TJD 1420, we do not have sufficient multi-filter coverage from our photometric observations, so we estimate BV ri from extrapolations of the MLCS2k2 fits. In this regime, we assume our flux calibration error is of order ±10%.
We also obtained one lower-resolution spectrum with SALT on UT 2018-10-22 using the PG0300 grating and the same 1. 5 slit, yielding R ≈ 350 in a 1600 second exposure at one grating tilt position. We further observed ASASSN-18tb with the B&C spectrograph on the Irénée du Pont telescope at Las Campanas Observatory on UT 2018-09-14 using the 300 line grating with the 150 µm slit in three 1000 second exposures. These spectra were reduced using standard routines, and recalibrated to match the photometry as described above. Because of the lower spectral resolution, we have not used these spectra in the further analysis described below. Figure 2 shows the spectral evolution of ASASSN-18tb with other fast-declining SNe Ia for comparison.
TESS SYSTEMATICS
The raw TESS Sector 1 image subtraction light curve of ASASSN-18tb is shown in blue in the left panel of Figure 3 . It is clear by inspection that there are a number of systematic artifacts present in the data, some of which are fairly well understood and discussed in the TESS Instrument Handbook and TESS Data Release Notes 3 . For instance, we observe high frequency ∼ 24 hour oscillations in the light curve that are likely introduced in the image backgrounds by the rotation of the Earth, as discussed in Section 1.3 of the Sector 1 TESS Data Release Notes 4 . While these low-level oscillations are not significant for the scientific goals of our analysis, some of the other systematics present in the data are. Section 7.3.2 of the TESS Instrument Handbook discusses the presence of a patch of scattered Earthlight in TESS FFIs whose structure and intensity depends on the Earth elevation, azimuth, and distance. We visually inspected the TESS Sector 1 FFIs and found that the brightest component of this patch is spatially coincident with ASASSN-18tb for ∼ 3 days at the start of each orbit. No straightforward method exists to account for this artifact in our reductions, so we exclude these artifact regions from our analysis. These exclusion windows are shown as the gray shaded regions in the left panel of Figure 3 .
The raw light curve suggests the presence of significant pre-explosion emission for ∼ 10 days prior to the supernova. Such a signature is entirely unprecedented for SNe Ia, both theoretically and observationally, so we put some effort into investigating its origin. To do so, we obtained image subtraction light curves for a 5 × 5 grid of test coordinates surrounding ASASSN-18tb using the same reference image (shown in Figure 4 overlayed on a sample FFI). The sources were spaced 3 TESS pixels away from one another to ensure sampling on a large spatial scale. The resulting test light curves are shown in Figure 5 . We note that the light Although the rise is shallower (with index 1.40 ± 0.03) than that of a simple expanding fireball model, there is no evidence for additional structure beyond a single-component power law.
curves obtained for the test coordinates located at C4 and D3 show a similar bump artifact.
C4 and D3 lie very near the positions of two relatively bright stars in the Gaia Data Release 2 catalog (Gaia Collaboration et al. 2016 Collaboration et al. , 2018 Arenou et al. 2018 ): Gaia DR2 4676041915767041280 (GRP = 12.3438 ± 0.0005 mag) and Gaia DR2 4676043427595528448 (GRP = 13.653 ± 0.001 mag), respectively. Here we will simply refer to the two stars as Star 1 and Star 2, where Star 1 is the star nearest to point C4 (Gaia DR2 4676041915767041280) and Star 2 is the star nearest to the point D3 (Gaia DR2 4676043427595528448). The Star 2 light curve traces the early-time artifact structures in the ASASSN-18tb light curve better than the Star 1 light curve. This may be because Star 2 is slightly closer to the location of ASASSN-18tb, or because in the TESS FFIs Star 1 is blended with a nearby GRP = 15.776 ± 0.002 mag star, located less than 25 away.
We thus use the light curve of Star 2 in order to correct for systematics. This is shown as the red artifact source in Figure 3 . We subtract the Star 2 light curve from the raw ASASSN-18tb light curve, emphasizing that we apply no multiplicative factor to match the scale of the bump artifact in the two light curves. That the two light curves exhibit nearly identical structure prior to explosion further confirms that the bump is an artifact and not intrinsic to the supernova. After removing the bump artifact, we force the flux zeropoint of the detrended light curve to the average value of the observations obtained from TJD 1328 to 1338.5, corresponding to an average of all observations obtained over the first Sector 1 orbit after removing the window where the bright patch of scattered Earthlight is spatially coincident with ASASSN-18tb.
EARLY LIGHT CURVE
The TESS light curve of ASASSN-18tb, after accounting for the systematics described in Section 3, is shown in the right panel of Figure 3 . The light curve does not show evidence of the double-component rise observed for ASASSN-18bt by K2 Dimitriadis et al. 2019a ), but motivated by the identification of strong Hα emission in the spectra of this supernova, we fit a number of power-law models to the light curve in order to better characterize its properties. The light curve uncertainties were estimated by measuring the root-mean-square scatter σ of the pre-explosion observations obtained between TJD 1328.0 and 1338.5.
The simplest of these models is the expanding fireball model, f = z + h1(t − t1) 2 , with three parameters. The fireball model assumes a homologously expanding ejecta, which determines the temporal exponent (Riess et al. 1999; Nugent et al. 2011b ). We also fit arbitrary index power-law models of the form
where we obtain a single-component fit by simply fixing h2 ≡ 0. The single-component power-law model thus has four parameters, while the double-component powerlaw model has seven. We fit these models using the scipy.optimize.curve_fit package's Trust Region Reflective method, and our best-fit models are shown in the right panel of Figure 3 . Our best-fit fireball model is shown using the dashed red curve. Although it is a reasonable first order approximation, Figure 4 . The 5 × 5 grid of points for which we obtain image subtraction light curves. The image is the median combination of the last 100 TESS Sector 1 FFIs, when the SN is brightest in Sector 1. The grid points are spaced 3 TESS pixels away from one another (∼ 63 ). The red circle at the center of the grid (point C3) indicates the location of ASASSN-18tb, and the two magenta circles located near points C4 and D3 indicate the locations of Star 1 and Star 2, respectively, the stars we consider as tracers of artifacts in the raw supernova light curve.
the fireball model significantly overestimates flux at the beginning and end of the rising light curve. Our best-fit singleand double-component models are shown using the dashed blue and solid green lines, respectively. By eye, these two models are virtually indistinguishable, indicating that there is no need to invoke a model more complex than the singlecomponent power-law. The χ 2 and χ 2 per degree of freedom (ν) for each of our fits are given in Table 1 . We find no evidence to justify using the double-component power law, as it produces no significant change in χ 2 /ν. Although these simple fits indicate that there is no significant secondary source of early-time emission, it is worth examining the potential contribution to the light curve from ejecta interaction with a non-degenerate companion given the prominent Hα emission seen in the spectra. Kasen (2010) showed that such interaction would produce significant additional flux for certain viewing angles and provided concise analytic solutions, which we utilize here. Interaction models for 1 R , 10 R , and 40 R companions are shown in Figure 6 , along with our best-fit single-component powerlaw and the TESS observations immediately surrounding the beginning of the explosion.
These interaction models depend strongly on the viewing angle. One generally only expects to see significant signal for viewing angles looking down on the collision region (θ ∼ 0
• ), and the models in Figure 6 assume a value fairly close to this optimal viewing angle (θ = 45
• ). Under this assumption, it is clear that we can rule out any companion significantly larger than 1 R for ASASSN-18tb. However, constraining the viewing angle for any individual event is extremely difficult. In practice, one could almost completely mask the interaction signature from even a massive star if it were viewed at an angle of θ ∼ 180
• .
We note, however, that the Hα emission we observe is slightly blue-shifted (See Section 5). If the Hα signature is indeed produced by swept-up material from a companion star, it would appear blueshifted only for viewing angles relatively close to θ ∼ 0
• (Botyánszki, Kasen & Plewa 2018) . We thus regard the optimal viewing angle models shown in Figure 6 as instructive, if not definitive, and consider nondegenerate companions of R R to be inconsistent with our observations. Kollmeier et al. (2019) showed that ASASSN-18tb is a broadly normal under-luminous SN Ia based on its empirical characteristics. Here we use our excellent set of photometric observations to estimate the near-maximum bolometric luminosity and examine the physical parameters needed to produce it. As in Vallely et al. (2018) , we estimate the bolometric luminosity using Markov Chain Monte Carlo (MCMC) methods to fit a blackbody to the observed spectral energy distribution. We limit our analysis to nearmaximum dates with good filter coverage (n f ilters > 4). All photometry was corrected for Galactic foreground extinction prior to being fit. As discussed in Section 2.2, there is no evidence for additional extinction from the host galaxy.
Semi-analytic models for light curves powered by the radioactive decay of 56 Ni have been available for some time (Arnett 1979 (Arnett , 1982 . We can estimate the ejecta mass (Mej) by assuming that the light curve peaks approximately at the diffusion time (t d ). The ejecta mass is then approximated by
where c is the speed of light, Mej is the ejecta mass, κ is the opacity of the ejecta, vej is the ejecta velocity, z is the redshift, t peak is the time of maximum light, and t1 is the time of explosion. We again adopt TJD 1357.83 for t peak , and we use the t1 value from our single-component power-law model (TJD 1344.3). For the ejecta velocity, we adopt a value of vej = 10 000 km s −1 , consistent with estimates of the expansion velocity from Eweis et al. (2018) . Like Cano (2013) and Karamehmetoglu et al. (2017) , we adopt an opacity of κ = 0.07 cm 2 g −1 , which is a reasonable value for electron scattering in the hydrogen-free ejecta of an SN Ia (Chevalier 1992; Chugai 2000) . Using these values, we obtain a slightly sub-Chandrasekhar ejecta mass of Mej ≈ 1.19 M .
We can estimate the amount of 56 Ni (MNi) synthesized in the explosion using Arnett's rule, noting that at time t d after explosion, when the supernova attains maximum brightness, the luminosity will approximately equal that of the instantaneous radioactive decay power from the 56 Ni→ 56 Co→ 56 Fe decay chain. We can then solve for MNi as
where the decay times of 56 Ni and 56 Co are known to be τNi=8.77 days and τCo=111.3 days, respectively (Stritzinger & Leibundgut 2005; Taubenberger et al. 2006; Martin 1987) , and CNi ≈ 6.45 × 10 43 and CCo ≈ 1.45 × 10 43 (Nadyozhin 1994; Sukhbold 2018) . After including a 4 Mpc uncertainty in our redshift-estimated luminosity distance (74.2±4 Mpc), our MCMC fit yields L peak = (7.4 ± 1.1) × 10 42 ergs s −1 . We thus find that MNi ≈ 0.27 M . This is comparable to the MNi estimates found by Scalzo et al. (2019) for the 1991bg-like SNe 2006gt and 2007ba, but is somewhat larger than the MNi ∼ 0.1M estimated for SN 1991bg itself by Stritzinger et al. (2006) .
EARLY-AND LATE-PHASE SPECTROSCOPY
Our SALT spectra span −4 to +148 days relative to maximum light. As shown in Figure 2 , excluding the broad Hα emission, the spectra of ASASSN-18tb share many qualities with the under-luminous 91bg-like class of thermonuclear supernovae (Filippenko et al. 1992; Leibundgut et al. 1993; Hamuy et al. 1994) . The near-maximum spectra exhibit the Si II absorption feature typical of SNe Ia plus hints of the Ti II absorption of 91bg-like objects. Additionally, broad [Ca II] emission at λ ∼ 7300Å is present in the late-phase spectra.
The most intriguing aspect of ASASSN-18tb is the presence of broad, FWHM ∼ 1000 km s −1 Hα emission (Kollmeier et al. 2019) . While the Hα emission is clearly visible in the > +100 d late-phase spectra (Fig. 2) , we also see evidence of Hα emission in spectra starting roughly +50 d after peak light (Fig. 7) . There is a tentative detection in the +37 d spectrum, and a non-detection in the +30 d spectrum. The upper limit on Hα for the +30 d spectrum assumes an Hα profile similar to the one detected in the +37 day spectrum, using a FWHM velocity of ∼ 1500 km s −1 blue-shifted by ∼ 1000 km s −1 . To characterize the nature of the Hα emission, we subtract off the continuum and fit the emission line with a Gaussian profile. Fig. 8 shows the line center and FWHM evolution of the Hα emission. For comparison, we also include the evolution of the Fe III λ4660 line in the top panel. The line center of the Fe III feature is measured by fitting a Gaussian profile plus linear continuum at each epoch.
We use a linear model to calculate the temporal evolution for each line,
Here, v λ is the velocity shift from rest for the Hα (vHα) and Fe III (vFeIII) lines at phase (t − tmax) days. The valuesv λ and b λ are computed using linear least-squares fitting and a bootstrap-resampling technique to estimate the uncertainties. The value from Kollmeier et al. (2019) does not have a reported uncertainty, so we do not include it in our fit. We see clear evidence for varying line velocities, withvHα = 6.9 Residuals Figure 6 . The early light curve of ASASSN-18tb compared to the companion interaction models from Kasen (2010) . We adopt t 1 from our best-fit single-compnent power-law model as the time of first light, and TESS data is shown for 4 hour bins. Our best-fit single-component power-law model is shown in red, and interaction models for non-degenerate 1 R , 10 R , and 40 R companions are shown in cyan, purple, and gold, respectively. These models are for a viewing angle (θ = 45 • ) where the predicted effect is strong. The lower panel shows residuals relative to our best-fit single-component power-law model. rate of the line velocity drift for these two lines is discrepant at ∼ 5σ. We also fit the FWHM velocity (∆vFWHM) of the Hα emission, shown in the bottom panel of Fig. 8 , and find a weighted mean of ∆vFWHM = 1390 ± 220 km s −1 . To determine the temporal evolution of ∆vFWHM, we use the same linear model and bootstrap-resampling technique as before, finding the width of the Hα emission is consistent with a temporally constant value, although the uncertainties are large (Fig. 8) .
Because a roughly constant Hα flux is consistent with CSM SNe Ia, we searched for other emission lines associated with circumstellar interaction, such as He I and Hβ. No other broad emission lines atypical of SNe Ia are found in our spectra and we place upper limits on these non-detections. For the early-phase spectra (< 100 d after max), we place a limit on the Balmer decrement of FHα/F Hβ 2. For the late-phase spectra we place a limit of FHα/F Hβ 5, consistent with the value found by Kollmeier et al. (2019) . For the non-detection of He I λ5875, we find FHα/FHeI 3 for all spectra.
DISCUSSION AND CONCLUSIONS
ASASSN-18tb is clearly an unusual event, and its place in the ever-changing menagerie of supernova taxonomy will likely be the source of ongoing discussion. SubChandrasekhar mass explosions are rare, and the detection of strong Hα emission in an empirically normal SN Ia is unprecedented. Kollmeier et al. (2019) discussed possible sources for this signature, including swept up material from a non-degenerate companion and CSM interaction, but their analysis was necessarily limited by having only one postmaximum spectrum to examine. With our additional photometric and spectroscopic observations, we can provide a more extensive discussion of the origin of ASASSN-18tb and its unusual characteristics.
While the FWHM ∼ 1000 km s −1 Hα emission we observe in the late-time spectra is consistent with the predicted signatures of swept up material from a non-degenerate companion, other aspects of the emission are not. It is difficult to reconcile the approximately constant Hα luminosity with this interpretation, as one would expect the Hα to follow the SN bolometric luminosity. This is because the Hα emission is powered by gamma-ray deposition from the decay of 56 Ni, the same source which powers the SN light curve (Botyánszki, Kasen & Plewa 2018 ). Additionally, if the H were swept up in the SN ejecta the velocity evolution of Hα emission should approximately trace that of Fe III (Botyán-szki, Kasen & Plewa 2018 ), but we do not observe this in ASASSN-18tb.
It is possible the companion interaction models do not accurately represent the early evolution of the Hα emission. Models in the literature do not provide a clear calculation of when stripped material should start becoming visible. For all spectra with detected Hα emission, the Fe emission feature at λ ≈ 4660Å is also present, indicating that the inner ejecta are partially visible. However, for the Hα emission to stem from a stripped companion, the Hα material would need a previously unincorporated external power source or trapping mechanism to sustain the near-constant luminosity. Furthermore, the early-time TESS light curve shows no indication of the excess predicted from ejecta-companion interaction, as discussed in Section 4.
The more likely interpretation appears to be that the Hα signature is a product of CSM interaction. An approximately constant Hα luminosity prior to ∼ 150 days beyond maximum light is an established feature of SNe Ia-CSM, and while we do not detect Hβ emission in the spectra we present, the upper limit we place on the Balmer decrement in late phase spectra (FHα/F Hβ 5) is consistent with measurements by Silverman et al. (2013) for the SNe Ia-CSM population. However, even among this rare class of events ASASSN-18tb stands out as a significant outlier in many respects.
A major difference between ASASSN-18tb and other SNe Ia-CSM is that the light curve of ASASSN-18tb is fairly normal for a low-luminosity SNe Ia, while other SNe Ia-CSM generally do not obey the standard empirical SNe Ia light curve relations . Silverman et al. (2013) also found that all SNe Ia-CSM have absolute magnitudes in the range −21.3 mag MR −19 mag. ASASSN-18tb is nearly a full magnitude less luminous, with MR ≈ −18.1 mag. Additionally, while all of the SNe Ia-CSM identified by Silverman et al. (2013) were found in late-type spirals or dwarf irregulars (star-forming galaxies indicative of young stellar populations), as noted by Kollmeier et al. (2019) , the host of ASASSN-18tb is an early-type galaxy dominated by old stellar populations.
ASASSN-18tb is also spectroscopically distinct from the SNe Ia-CSM population at early times. While previously identified SNe Ia-CSM resemble slow-declining, overly luminous 1991T-like SNe Ia, ASASSN-18tb is more comparable to the fast-declining, underluminous 1999bg-like SNe Ia. Like SN 1991bg, ASASSN-18tb falls in the "Cool" (CL) region of the Branch et al. (2006) Diagram, while SN 1991T and the SNe Ia-CSM belong to the "Shallow-Silicon" (SS) subtype (Kollmeier et al. 2019 ).
Whether ASASSN-18tb represents a distinct sub-class of SNe Ia-CSM or the extreme end of a continuum remains to be seen, but it is clearly inconsistent with the properties of previously studied SNe Ia-CSM. Future observations and theoretical studies of this event will hopefully shed light on its unusual characteristics. X-ray emission has previously been observed for one Ia-CSM SN 2012ca by Bochenek et al. (2018) , and such signatures may be visible for ASASSN-18tb, although the presumably low density CSM of this event would likely make such an observation very challenging. Radio observations are powerful probes of the CSM surrounding SNe (Chomiuk et al. 2012; Krauss et al. 2012; Milisavljevic et al. 2013) , and may be able to better characterize the environment of ASASSN-18tb.
Recent work indicates that underluminous SNe Ia tend to be produced through the collisional model (Dong et al. 2015; Vallely et al. 2019) . As shown by Piro, Thompson & Kochanek (2014) , the combination of the WD mass function and the collisional model simulations of Kushnir et al. (2013) predict a 56 Ni yield distribution peaked near MNi ∼ 0.3 M , strikingly similar to the MNi ≈ 0.27 M we estimate for ASASSN-18tb. As such, it is interesting to ponder a scenario where one might be able to observe CSM interaction from a collisional model DD progenitor scenario. It may be possible to achieve this by invoking a red giant tertiary.
The collisional model requires a tertiary to drive the eccentricity oscillations that produce the collision. Occasionally the tertiary would be an evolved red giant whose mass loss could produce a low density CSM into which the SN then explodes. While Silverman et al. (2013) found that nearly all SNe Ia-CSM exhibit Hα luminosities in the range 10 40 − 10 41 ergs s −1 , the Hα luminosity of ASASSN-18tb is 2 orders of magnitude lower at ∼ 10 38 ergs s −1 . This implies an overall lower amount of CSM material for the ejecta to interact with, which can be explained by a tertiary with relatively low mass that has outlived the inner binary. Further observations and theoretical modeling will hopefully constrain the mass of the Hα emitting material, which can provide additional clues to its origin.
The TESS observations we present also emphasize how powerful the mission will be for probing the early-time behavior of SNe. Due to its smaller aperture and wide field of view, TESS cannot match Kepler 's exquisite precision for events of comparable brightness. However, TESS covers a much larger area of the sky, and will be able to observe significantly more SNe over the duration of its two year mission. So far, six SNe have been published from the Kepler and K2 missions (Olling et al. 2015; Garnavich et al. 2016; Shappee et al. 2019) , whereas TESS will obtain obtain relatively high precision light curves for ∼ 130 SNe (∼100 SNe Ia, and ∼ 30 While it is difficult to produce stringent upper limits on companion interaction light curve signatures in a single event (due to the strong viewing angle dependence of the predicted effect), this can easily be accounted for once a large sample of light curves has been collected, and the predicted emission from the Kasen (2010) companion interaction models is readily detectable in the TESS band (Fausnaugh et al. in prep) . TESS will either finally detect the long-sought signature of companion interaction, or put stringent non-detection limits on the phenomenon and add to the growing list of observational constraints in tension with the single-degenerate scenario.
Another advantage of this sample is that because these TESS SNe are necessarily bright, it will be possible to obtain late-phase spectra for them. Observations of ASASSN-18bt Dimitriadis et al. 2019a) showed that the early-time light curve alone leads to degeneracies between the observational signatures of the interactions with a nearby companion, radioactive material near the outside of the ejecta, and circumstellar interactions. The combination of a large number of well-observed early-time TESS SNe light curves and late-phase spectra of these transients will provide a unique probe that can break these degeneracies.
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